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Alpha virus replicon vectors are well suited for applications where transient, high-level expression of a 
heterologous gene is required. Replicon vector expression in cells leads to inhibition of host raacromolecular 
synthesis, culminating in eventual cell death by an apoptotic mechanism. For many applications, including 
gene expression studies in cultured cells, a longer duration of transgene expression without resulting cyto- 
pathic effects is useful. Recently, noncytopathic Sindbis virus (SIN) variants were isolated in BHK. cells, and 
the mutations responsible were mapped to the protease domain of nonstructural protein 2 (nsP2). We report 
here the isolation of additional variants of both SIN and Semliki Forest virus (SFV) replicons encoding the 
neomycin resistance gene that can establish persistent replication in BHK cells. The SIN and SFV variant 
replicons resulted from previously undescribed mutations within one of three discrete regions of the nsP2 gene. 
Differences among the panel of variants were observed in processing of the nonstructural polyprotein and in 
the ratios of subgenomic to genomic RNAs. Importantly, high-level expression of a heterologous gene was 
retained with most replicons. Finally, in contrast to previous studies, efficient packaging was obtained with 
several of the variant replicons. This work expands the utility of noncytopathic replicons and the understand- 
ing of how alphavirus replicons establish persistent replication in cultured cells. 



Alphavirus vectors, derived principally from Sindbis virus 
(SIN), Semliki Forest virus (SFV), and Venezuelan equine 
encephalitis virus, are widely used for gene expression studies 
in vitro and are being developed for both vaccine and gene 
therapy applications (25). Typically, these vectors are con- 
structed in a format known as a replicon, due to the self- 
amplifying nature of the vector RNA (30). Replicons contain 
both the cis and trans alphavirus genetic elements required for 
RNA replication, as well as heterologous gene expression via 
the native subgenomic promoter. Upon introduction into cells, 
replicon RNA is translated to produce four nonstructural pro- 
teins (nsPs), which together comprise the alphavirai rcplicase. 
Replication proceeds through a minus-strand RNA intermedi- 
ate and subsequently generates two distinct positive -strand 
RNA species, corresponding to a genomic-length vector RNA 
and an abundant subgenomic RNA encoding the heterologous 
gene (27). The replicon RNA can be packaged into virion -like 
particles by providing the structural proteins in trans, from in 
vitro-lranscribed defective helper RNA (4, 15-17) or using 
packaging cell lines (16). Alternatively, the replicon RNA can 
be introduced directly into cells as plasmid DNA (2, 6, 8, 13). 

In most mammalian cells, host macromoiecuiar synthesis is 
inhibited following the introduction of alphavirus replicons, 
leading to eventual cell death by an apoptotic mechanism (11, 
25). Thus, application of these vectors for some gene therapy 
applications and extended gene expression studies in cultured 
cells is limited. Given the many other attractive features of the 
alphavirus replicon system, it would be useful to extend the 
utility of these vectors to include long-term expression and 
reduced cytopathogenicity options. 

Under appropriate conditions, alphaviruses and alphavirus- 
derrved vectors can establish persistence in cultured cells (14, 
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26, 29) or exhibit delayed onset of cytopathic effects (9). The 
establishment of SIN replicon persistence in BHK cells has 
been associated with mutation of the protease domain of nsP2 
(7, 10), and studies have suggested that the use of such mutants 
for long-term expression may be possible (1, 3). It remains to 
be determined whether mutation of other alphavirus nsPs or 
nsP2 domains can provide a noncytopathic phenotype by a 
similar or alternative mechanism. 

To expand the utility of the noncytopathic replicon and 
further explore how persistence is established, we isolated ad- 
ditional SIN replicons with this phenotype, as well as SFV 
replicons with a similar phenotype. Mutations that conferred 
the establishment of persistent replication were mapped to 
several regions of nsP2 for both SIN and SFV replicons, in 
addition to the same residue 726 mutation identified previously 
(7, 10). These mutations had various effects on the levels of 
genomic and subgenomic replicon RNA and, in some cases, 
processing of the nonstructural polyprotein. 

Selection of replicons that establish persistent replication. 
To select alphavirus replicon variants capable of establishing 
persistent replication, the neomycin phosphotransferase gene 
(neo) was placed under the control of the subgenomic pro- 
moter in both SIN- and SFV-derived replicons. These plas- 
mids, designated pSINBV-neo and pSFV-neo, were derived 
from pRSIN (8) and pSFVl (15) (GIBCO-BRL), respectively, 
weo-containing replicons were transcribed in vitro from linear- 
ized plasmid template; in some experiments, the DNA tem- 
plates were subjected to prior random mutagenesis using the 
bacterial strain XL-1 Red Mutator (Stratagenc). Replicon 
RNAs were transfected into BHK cells, and the cells were 
subjected to G418 selection (Geneticin; 0.5 mg/ml; GIBCO- 
BRL) at 24 h posttransfectiorL Drug-resistant colonies were 
obtained from both nonmutagenized and mutagenized repli- 
cons. in addition, colonies were obtained after infection of 
BHK cells with packaged vector particles containing non- 
mutagenized neo replicon, generated as previously described 
(16). These data indicated that drug resistance was associated 
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FIG. 1. Analysis of Neo-resistant BHK pools derived from SIN and SFV 
replicons. The SIN-derivcd pools arc designated SI to S10; the SFV-derived 
pools are named SF1 and SF2. (A) Northern btot analysis of poly{A)-sefected 
RNA extracted from Bilk cells either [ransfected (lanes SI, S2 f S4 to S10. SF1, 
and SF2) or infected (lane S3) with replieon RNA and selected with G41b. Pools 
were obtained using nonmutagenized replieon (lanes SI to S3 and SF1) or 
replieon transcribed from templates that had been subjected to one round (lanes 
S4 and S7), two rounds (tones S8 and SF2), three rounds (lanes S5 and S°), or 
four rounds (S6 and S10) of mutagenesis. In vitro-transcribed genomic RNA 
from the two parental rcplicoas (lanes SIN and SFV) was used as a marker for 
the full-length replieon, and pofy(A)*selectcd cnRNA from naive BHK cells was 
used as a mock control (lanes mock). The blot was hybridized with a probe 
specific for the neo gene. Expected sizes for vector subgenomic RNAs are 1.2 kb 
for SIN and 1.65 kb for SFV. (B) Complementation analysis. Expression was 
measured after introduction of nsP-de!etcd defective p-Gal replicons into SIN- 
and SFV-derived Neo-resistant BHK pools. Detection of p-Gal expression was 
performed using a luminescent p-Gal assay kit (Clontech). and the signal was 
measured in relative light units (RLU). Data are the means of two independent 
elcctroporations; the background reading obtained with naive BHK cells was 
subtracted from all samples. Images were processed with Adobe Photoshop 
software. 



with the replieon RNA and that adaptive replieon mutations 
could occur within the cell. 

Within each selection, the drug-resistant BHK cells were 
pooled and expanded. To confirm that neo expression was 
associated with alphavirus replieon RNA species, poly(A)-se- 
lected mRNA was extra cted from the pools (Triazol [GIBCO- 
BRL] followed by Oligotcx [Qiagen]) and analyzed by North- 
ern blot hybridization with a 32 P-labeled DNA fragment 
derived from the neo gene (Fig. 1A). The neo sequence indeed 



was found within both genomic- and subgenomic-length RNA 
species for all poofs. This analysis also indicated variations in 
the RNA profiles among SIN and SFV pools, particularly with 
respect to the relative ratios between subgenomic and genomic 
RNA and the appearance of new RNA species migrating faster 
than the genomic RNA (Fig. 1A, lanes S5, S8, S9 t SF1, and 
SF2). Such variation suggested possible phenotypic differences 
among the selected variants. 

To confirm that Neo resistance was conferred by replieon 
RNA, naive BHK cells were electroporated with 5 to 10 u-g of 
poly(A)-selected mRNA extracted from either SIN- or SFV- 
derived Neo-resistant pools or from naive BHK cells as con- 
trol. Approximately 48 h postelectroporation, the transfected 
cells were subjected to G418 selection. Transfection with 
mRNA from both SIN- and SFV-derived pools rapidly gener- 
ated high numbers of Neo-resistant cells. In contrast, transfec- 
tion of control mRNA gave no colonies over an extended 
period of time. ^\ 

To determine whether vector RNA was actively replicating 
in Nco-rcsistant cells, various cell pools were transfected with 
defective SIN and SFV replieon RNAs that encoded a p-ga- 
lactosidase (p-Gal) reporter but had the nsP genes deleted. 
Amplification and subgenomic transcription of the p-Gal 
mRNA could occur with these defective vectors only if func- 
tional nsPs were provided in trans by replicons already present 
in the drug-resistant pools. The defective p-Gal replicons were 
transcribed from plasmids pSINBVdinsP-pgal (derived from 
pSINBV-pgal [8] by deleting the BspEl fragments) and 
pSFV3dlnsP-Pgal (derived from pSFV3-pgaI [15] [GIBCO- 
BRL] by deleting the Pxtl fragments). After transfection of the 
defective replicons, p-Gal expression was observed in all but 
one pool (Fig. IB). This result clearly demonstrated that the 
variant replicons were actively replicating in cells and provided 
trans complementation. Pool SF1 did not show demonstrable 
P-Gai expression, indicating a defect reducing either replica- 
tion of the variant SFV vector or the vector's ability to initiate 
subgenomic transcription in trans. Since low levels of sub- 
genomic RNA were observed for SF1 in the Northern analysis 
(Fig. 1A, lane SF1), the lack of p-Gal expression may be a 
consequence of reduced subgenomic transcription. 

Mapping the adaptive genetic determinants of persistence. 
To identify the causal mutations, representative pools SI, S2, 
SF1, and SF2 were chosen for mapping based on their unique 
RNA profiles in the Northern analysis. The complete nsP 
genes of SIN and SFV variant replicons present in these pools 
were cloned by reverse transcription (RT)-PCR in three and 
four fragments, respectively (Fig. 2A and B). Each amplified 
fragment then was substituted for the corresponding fragment 
in wild- type pSINBV-neo or pSFV-neo, and three independent 
replieon clones were generated for each nsP fragment substi- 
tution. Replieon RNA was transcribed in vitro from the con- 
structs and transfected into naive BHK cells. Following G418 
selection, the number of colonies obtained for each construct 
was compared to the number of colonies obtained with the 
parental wild-type replieon. For all but one pool, a single 
specific fragment substitution resulted in the establishment of 
persistent Neo resistance (Fig. 2 A and B). For the SF2 pool, 
which was derived from vector that had undergone two rounds 
of mutagenesis, two fragments, SF2A and SF2C, indepen- 
dently conferred the phenotypc. Thus, both SIN and SFV 
replicons that established persistent replication could result 
from substitution with a defined fragment. 

The defined fragments were sequenced entirely and com- 
pared to the parental replieon sequence. Each SIN and SFV 
variant contained only a single amino acid substitution within 
the nsP2 protein (Fig. 2C). Although the precise location of 
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FIG. 1 Mapping of causal mutations in the variant replicons. (A and B) Schematic illustrations of the cloning strategy used to map the replimrt vmiants. Depicted 
are the neo-eontainmg SIN and SFV replicons, with corresponding RT-PCR-amplihed fragments generated from the Nco-resistant BHK pools. Also shown arc nsP 
coding regions and the restriction sites used in fragment substitutions, nt., nucleotide. The ability of each fragment substitution to efficiently confer Neo resistance (+) 
compared to the parental vector {— ) is indicated; "nt" denotes fragments not tested. (C) Sequence alignments of the nsP2 regions in which the mutations were located 
are shown for several alphaviruscs. Bold characters indicate amino acid residue* where mutations were found; the change is indicated above the alignment for the 
STN-derivtxl variants and below the alignment for the SFV-derived variants. In variant SFIB, A indicates the deletion of amino acid D^. Since the length of nsP2 varies 
between SIN and SFV, codon numbering is indicated for each virus. White boxes highlight identical residues among all of the alphaviruscs aligned; gray boxes highlight 
conservative changes. Images were processed with Adobe Photoshop software. 



these amino acid changes differed among the SIN and SFV 
variants, the amino terminus (amino acid [aa] 1 in variant SJ 
and aa 10 in variant SF2A) and a small region of the carboxy 
terminus (aa 726 in variant S2 and aa 713 in variant SF2Q 
seemed to be targeted preferentially. The latter region is 
within the putative protease domain of nsP2 (12), where mu- 
tation of P 726 previously was found to reduce cytopathogenicity 
of both SEN (7) and a SIN-based replicon (10). Interestingly, 
the SI mutation mapped within the nsPl-nsP2 cJeavage recog- 
nition site (27). Furthermore, the SFIB variant contained an 
in-frame deletion of aa 469, within a different region of nsP2. 

Properties of the cloned variants. To characterize the cloned 
replicon variants, we examined the impact of each mutation on 
UNA replication and heterologous gene expression. The ratios 
of subgenomic and genomic RNA were evaluated in drug- 
resistant cell lines obtained using the cloned SIN and SFV 
replicon variants, as well as naive BHK cells clcctroporatcd 2 h 
earlier with parental replicon RNAs. Cells were labeled with 
[ 3 HJuridine (100 |±Ci/ml) in the presence of dactinomycin (1 



fig/ml) for 7 h. Total RNA was extracted from the cells and 
separated by gel electrophoresis (19), the gels were treated and 
exposed to film (10), and the genomic and subgenomic RNA 
bands were excised and subjected to scintillation counting (Fig. 
3A). Although a direct comparison could not be made with the 
transiently transfected parental vectors, the individual variant 
replicons clearly showed differences in molar ratios of sub- 
genomic to genomic RNA among each other. This result sug- 
gested that the nsP2 mutations affected the levels of genomic 
replication and/or subgenomic transcription and that variants 
S2 and SF2C had smaller amounts of genomic RNA than other 
variants. A longer exposure , con firmed the presence of both 
genomic and subgenomic RNAs in S2 (data not shown). 

The level of heterologous gene expression among variants 
and parental replicons was next compared by using replicons 
expressing the E-GFP (enhanced green fluorescent protein) 
reporter gene (Qontech). BHK cells were clcctroporatcd with 
in vitro-transcribed replicon RNA, and the level of GFP ex- 
pression was assayed 24 h later by flow cytometry (Fig. 3B). 
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FIG. 3. Analysis of RNA replication and heterologous gene expression. (A) 
Stable BKK cell lines derived using the cloned variant vectors {lanes SI, S2, 
SF2A, SF1B, and SF2C) and naive BHK cells electroporated with parental 
vector RNAs (lanes SINBV and SFV) were labeled with [ f H]uridme. Total RNA 
was extracted and quantitatcd, and equivalent amounts wcic iun in an agarosc- 
formaldehyde gel. Molar ratios of subgenomic to genomic RNA were measured 
by scintillation counting of excised gel fragments. Size differences between SIN 
and SFV vectors are reflected in the subgenomic RNA size. Exposure time for 
the transfected SiNBV and SFV control lanes was shorter than for the drug- 
resistant cell lanes. (B) BHK cells were electroporated with parental and variant 
vector RNA encoding E-GFP. At 24 h postrransfection, the cells were analyzed 
by flow cytometry, and mean fluorescence intensity (MFI) of the GFP-positive 
cell population was plotted. Data arc the means of four independent clcctropo- 
rations, with the standard deviations shown (n = 4). The background MFI 
reading from mock-transfectcd BHK cells was subtracted from all the samples. 
Images were processed with Adobe Photoshop software. 
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FIG. 4. Detection of vector minus-strand and plus-strand RNA by RT-PCR. 
The cDNA corresponding to either minus strand or plus strand was amplified 
using stnmd-specifie primers from total RNA of either BHK cells lines contain- 
ing the cloned variants (SI and SF2C) or naive BHK cells clectroporated 24 h 
earlier with the parental vectors (SINBV and SFV). As an internal control, the 
housekeeping BHKp23 mRNA was amplified from each sample (p23). Ampli- 
fication mixtures were divided into six aliquots, and one aliquot per sample was 
removed after 5, J0 f 15, 20, 25, and 30 amplification cycles, as indicated above the 
lanes, images were processed with Adobe Photoshop software. 



Although transfection efficiency varied among replicons, GFP 
expression levels within individual transfected cells were sim- 
ilar to or slightly lower than levels in the parental replicons for 
most variants. In contrast to all other variants, SFV1B showed 
inefficient expression of GFP. Since the subgenomic-to- 
genomic RNA ratio was lower for SFJ B than for other variants 
(Fig. 3A), the observed defect may be a consequence of low 
subgenomic transcription levels. 

We then analyzed whether the mutations differentially af- 
fected plus-strand or minus-strand RNA synthesis. To differ- 
entiate the levels of each RNA species, semiquantitative RT- 



PCR was performed on equivalent amounts of total RNA 
extracted from either Nco-rcsistant BHK cell lines containing 
the cloned SIN and SFV variant replicons or naive BHK cells 
electroporatcd 24 h earlier with the parental replicons. Oligo- 
nucleotides complementary to either plus- or minus-strand 
RNA were used for detection of strand-specific cDNA, After 
cDNA synthesis and RNase A treatment, a 70(>-bp fragment 
corresponding to a region of either nsP4 for the SIN variants or 
nsP3 for the SFV variants was amplified by PCR. Each PCR 
mixture was divided into multiple aliquots, and one aliquot was 
analyzed every five amplification cycles (Fig. 4). Both plus- and 
minus -strand RNA levels were found to be lower with both the 
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PIG. 5. In vitro processing of nonstructural poh/prntein. (A and C) Qmpled transcription-translation of parental and variant replicon RNA was performed in the 
presence of [ 35 S]nrethionine, in rabbit reticulocyte lysatcx, and the products were analyzed by SDS-PAGE on an 8% gel. (B) The translation products (lanes T) of 
SINBV and variant SI were immunoprectpitated with polyclonal antibodies against either SIN nsPI (lanes al) or SIN nsP3 (lanes a3). Images were processed with 
Adobe Photoshop software. 



SI and SF2C variants than with the parental vectors at 24 h 
postelectropo ration. Similar results were obtained with the 
other variants (data not shown). A specific fragment of the 
housekeeping gene BHKp23 (18) also was synthesized from 
each sample as an internal standard, and similar amounts of 
product were obtained in ail cases (Fig. 4). This result clearly 
demonstrated that each variant had ongoing minus-strand syn- 
thesis, which is a requirement for persistent replication. 

Alphavirus nsPs arc translated initially as polyproteins, 
P1234 and P123 in SIM and P1234 in SFV. These polyproteins 
are processed subsequently into mature monomers by the nsP2 
protease (5, 12), with the processing intermediates playing an 
important role in the early events of RNA replication, includ- 
ing a shift from minus-strand to plus-strand synthesis (23, 27). 
Since minus-strand synthesis was maintained with the SIN and 
SFV variant replicons, we analyzed the effects of the mutations 
on poiyprotein processing. Coupled transcription-translation 
of parental and variant replicon RNA was performed with 
rabbit reticulocyte lysates (TnT; Promega) in the presence of 
[ 35 S]methionine. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) analysis revealed that although 
all mutants accumulated the nsP monomers, mutants SI, 
SF2A, and SF1B also accumulated significant amounts of high- 
er-molecular-weight products (Fig. 5 A and C). Immunopre- 
cipitation of the in vitro-translated products from SINBV and 
SI, with antisera specific for either nsPI or nsP3, indicated that 
variant Si accumulated the P123 and P23 precursors (Fig. 5B). 
In contrast to previous results for mutation of nsP2 residue 726 
(10), we did not observe any significant processing difference 
between variant S2 and its parental replicon. However, several 
amino acid differences exist among nsPs of the parental repli- 
cons used by each laboratory, and these differences in genetic 
background may affect the processing efficiency. Nonetheless, 
these results suggested that the maintenance of minus-strand 
synthesis may be achieved through altered poiyprotein process- 
ing. 

Finally, we examined the ability of the variant replicons to be 



packaged into virion-iike particles by supplementing the struc- 
tural proteins in trans from separate capsid- and glycoprotein- 
defective helper RNAs transcribed in vitro (16). Interestingly, 
and in contrast to previous studies, some variant replicons 
could be packaged as efficiently as the parental replicon 
(SINBV-GFP [5 X 10 8 lU/mlJ versus Sl-GFP [3.8 x 10 s IU/ 
ml]) and some with a slight ty decreased efficiency (SFV3LacZ 
[3.8 X 10 s IU/ml] versus SF2ALacZ [5 X 10' lU/ml] and 
SF2CLacZ [10 7 IU/ml]). The other replicons were packaged at 
very low efficiency (S2-GFP and SFlBLacZ, <le4 IU/ml). 

This report extends previous studies on noncytopathic SIN 
replicon variants (J, 10) with the demonstration that mutations 
in multiple regions of nsP2 can lead to the establishment of 
persistent RNA replication. Significantly, similar variants also 
may be generated with SFV-dcrived replicons. For both SIN 
and SFV, regions of nsP2 encompassing the amino terminus or 
proximal to the carboxy terminus seem to be preferential tar- 
gets for mutations leading to persistent replication and main- 
tenance of heterologous gene expression. 

Alphavirus replicon vectors have many attractive features, 
and the addition of either long-term expression options or 
decreased cytopathogenicUy should facilitate the expansion of 
their applications. Maintenance of ongoing minus-strand syn- 
thesis and inhibition of cytopathogenicity are requirements for 
these vectors to establish persistent replication with continued 
high-level transgene expression. In the alphavirus replication 
cycle, minus-strand RNA synthesis occurs only during the first 
few hours postinfection (21, 24). Extensive work (reviewed in 
references 23 and 27) supports proposed models in which both 
processing intermediates and mature nsP monomers form al- 
phavirus polymerases with different activities. Final cleavage of 
the P23 intermediate converts the polymerase activity from 
synthesis of both minus and plus strands to only plus-strand 
genomic and subgenomic RNA synthesis (23, 27). Since nsP2 
contains the protease domain responsible for the nsP matura- 
tion (12), it is noteworthy that all noncytopathic variants char- 
acterized to date (this work and reference 10) result from 
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mutation of nsP2. Interestingly, one variant (SI) accumulates 
the PI 23 and P23 processing intermediates, indicating that 
maintenance of minus-strand synthesis may be achieved by 
deregulating the switch from minus strand to plus strand 
through this pathway. Similar to previously published studies 
where temperature-sensitive nsP2 mutants did not abolish or 
resumed minus-strand synthesis at the non permissive temper- 
ature (22, 28), one variant in the present study showed accu- 
mulation of unprocessed nsP and severe inhibition of sub- 
genomic RNA synthesis. However, most noncytopathic 
variants (this work and reference 10) displayed high sub- 
genomic RNA expression, indicating that maintenance of mi- 
nus-strand synthesis through this pathway docs not necessarily 
result in inhibition of subgenomic RNA synthesis. Interest- 
ingly, this phenotype is similar to that of another temperature- 
sensitive SIN mutant, 24R1, in which a mutation in nsP4 per- 
mitted continuation of minus-strand synthesis without affecting 
subgenomic RNA synthesis (20). 

The loss of cytopalhogenicity was correlated with a reduc- 
tion of RNA replication in a panel of nsP2 Pro 726 mutants (10). 
Unfortunately, diminished replication also was associated with 
severely decreased replicon packaging efficiency. One of our 
variants, S2, which was equivalent to previously isolated vari- 
ants (10), could not be packaged efficiently into virion-like 
particles. In contrast, several of our newly identified variants 
(SI, SF2A, and SF2C) both maintained high-level transgenc 
expression and also were packaged efficiently, thus increasing 
the versatility of these rcplicons. For example, the new rcpii- 
cons might be particularly useful for extending expression stud- 
ies in hippocampal slice cultures (9) without perturbation of 
host cell metabolism. The degree of cytopathogenicity and the 
mechanisms by which induction of apoptosis is either inhibited 
or delayed remain to be established. Importantly, this panel of 
variants provides a basis for further studies in both cultured 
cells and animal models of human disease. 
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